Abstract The mechanical response of shape memory alloys (SMA) is determined by the dynamics of discrete twin boundaries, and is quantified through constitutive material laws called kinetic relations. Extracting reliable kinetic relations, as well as revealing the physical characteristics of the energy barriers that dictate these relations, are essential for understanding and modeling the overall twinning phenomena. Here, we present a comprehensive, multi-scale study of discrete twin boundary dynamics in a ferromagnetic SMA, NiMnGa. The combination of dynamic-pulsed magnetic field experiments, in conjunction with low-rate uniaxial compression tests, leads to the identification of the dominant energy barriers for twinning. In particular, we show how different mechanisms of motion for overcoming the atomic-scale lattice potential give rise to several kinetic relations that are valid at different ranges of the driving force. In addition, a unique statistical analysis of the low-rate loading curve allows distinguishing between events at different length scales. This analysis leads to the identification of a characteristic length scale (*15 lm) for the distance between barriers that are responsible for the twinning stress property. This characteristic distance is in agreement with the typical thickness of the internal micro-twin structure, which was recently found in these materials.
Introduction
Shape memory alloys (SMA) are characterized by a high symmetry (austenite) crystallographic phase and a low symmetry (martensite) crystallographic phase. The low symmetry phase is associated with a spontaneous strain and typically exhibits a twinned microstructure, in which a grain or a single crystal is divided into different twin variants [1, 2] . Each of these variants has a different orientation of the unit cell and in accordance different mechanical and physical properties. When subjected to an external driving force, one twin variant may expand at the cost of the other through nucleation and propagation of twin boundaries and twinning dislocations, in a process collectively known as twinning. The twinning transformation is associated with a significant strain change (i.e., beyond elasticity) and is therefore used in a variety of SMA-based actuation applications [3] [4] [5] [6] [7] [8] [9] . In particular, unfolding the dynamics of twinning transformation is essential for the design and implementation of SMA-based applications.
Apart from playing a fundamental role in the activation of SMA, twinning serves as a dominant deformation mechanism in other material systems. For example, twinning governs the mechanical response of hexagonal closepacked (HCP) metals (e.g., Mg and Ti) [10] , nano-crystalline and nano-structures of face-centered cubic (FCC) metals (e.g., Cu and Ni) [11] [12] [13] , and other advanced materials such as ferroelastic minerals [1] , and ferroelectric ceramics [14] . Consequently, insights gained by studying twinning phenomena in SMA are valuable for a wide range of research fields and can contribute to the development of new and improved materials.
A quantitative description of a twinning-based macroscopic response requires the knowledge of a kinetic relation. This fundamental material law describes the velocity of an individual twin boundary v TB (or a twinning dislocation v TD ) as a function of the external driving force g [15] . For example, following the common 'discrete twin boundary dynamics' modeling approach, which is similar to the discrete dislocation dynamics approach but is more simple and straightforward, the macroscopic strain rate _ e can be described by the relation:
N TB is the number of mobile twin boundaries, e T is the strain jump across the twin boundary, i.e., the twinning strain, and the kinetic relation is given by v TB (g). Equation (1) is valid under several assumptions, which are accurate in many cases: the existence of one active twinning system (i.e., reorientation takes place between two types of twin variants), and no interaction between twin boundaries beyond the nm scale. In addition, N TB is usually constant and known for a given crystal (e.g., when active twin boundaries are stabilized [16] ).
Despite their important role, experimentally validated kinetic relations are scarce. In the absence of reliable kinetic relations, simulations, which are typically based on the phase field [17] [18] [19] [20] and discrete twin boundary approaches [21, 22] , usually assume an over-simplified linear kinetic law. Such a kinetic law is valid only in cases where the driving force is much larger than all energy barriers for twin boundary motion. As we show in this paper, this condition holds only for a limited range of the driving force. Generally, different types of kinetic relations may arise for different ranges of the driving force and temperature, reflecting on the different mechanisms of motion that are active under different loading conditions. Another modeling tool that was recently applied for studying twinning phenomena is molecular dynamics (MD) simulations. MD enables calculation of the kinetic relations (see. for example Ref. [23] ) and in addition, can reveal the mechanisms by which the TB propagates [23] [24] [25] [26] . The latter information can guide the formulation of analytical kinetic relations, which describe TB propagation in accordance with MD observation. Moreover, MD allows the evaluation of TB properties at the atomistic scale. At the same time, MD is limited in the sense that the modeled material volume is typically at the sub-lm scale. Consequently, this size limitation prohibits from capturing the effects of long-range barriers (which are at the lm scale) on twinning phenomena. Moreover, the effects of surfaces and other interfaces/defects are ignored due to periodic boundary conditions that are typically applied. Consequently, MD provides limited capabilities in capturing phenomena such as nucleation of twin boundaries and twinning dislocations, since these processes are faster near surfaces, interfaces (e.g., grain boundaries), and in the vicinity of other lattice defects [27] [28] [29] .
While a kinetic relation bares fundamental importance in the quantitative description of twinning dynamics, the concept of such a relation assumes that the twin boundary velocity depends only on the driving force, thus ignoring local barriers and the mechanisms by which the twin boundary overcomes these barriers. Consequently, a kinetic relation is meaningful for describing the average twin boundary velocity over length scales much larger than those of relevant barriers for motion. This understanding emphasizes the need for the identification and characterization of the energy landscape under which a twin boundary propagates. This landscape may be generated by barriers of different intensities (amplitude) and widths (length scale), as well as different spatial distributions within a given crystal. Knowledge about the physical characteristics of the different barriers, as well as the mechanisms of motion is required both for modeling twinning transformation and for the development of new and improved materials.
The preceding discussion reveals the complexity involved in the attempt to quantify twin boundary motion in SMA. Moreover, it emphasizes the need for a multi-scale experimental investigation approach, which can capture the dynamics of individual twin boundaries at different length and time scales. In this paper, we describe such a comprehensive analysis in a representative ferromagnetic shape memory alloy (FSMA) NiMnGa.
NiMnGa provides several advantages for the general study of twin boundary dynamics, and in particular for an experimental study under controllable loading conditions. First, single crystals of this alloy usually exhibits just few twin boundaries separated by large distances [30] , which facilitates an experimental investigation on the level of individual twin boundaries. Second, in this material system, twin boundary motion can be induced either by a magnetic field and/or a mechanical load, enabling a variety of possible loading conditions. Third, the barriers for twin boundary motion in NiMnGa are much smaller than the barriers for ordinary dislocation motion and therefore twinning is practically the only mechanism for deformation beyond linear elasticity [31, 32] . On the other hand, it is very complicated to simulate NiMnGa by MD since it involves three different atoms, unknown potentials, and is very sensitive to atomic concentrations. Therefore, experimental results have to be analyzed by a comparison with analytical models. Such models simplify the real problem at the atomistic scale, but are general and relevant for many material systems.
Our investigation, which combines analytical analysis and experimental results, starts with a general description of the main barriers for twin boundary motion, and possible mechanisms for overcoming these barriers. We classify these barriers according to their typical length scale, and in particular distinguish between atomistic-scale lattice barriers to longer range (typically lm scale) barriers. Based on the different barriers and possible mechanisms of motion associated with these barriers, several fundamental kinetic relations are formulated analytically. The experimental part of this study includes different loading methods that allow studying twinning dynamics over a wide range of velocities and driving forces. Insights gained from data analysis of the different experimental methods lead to validation of the formulated kinetic relations and mechanism of motion, as well as reveal the physical origin and characteristics of the different energy barriers.
Energy Barriers for Twin Boundary Motion at Different Length Scales
At the atomistic scale, the periodicity of the crystal induces several energy barriers, which exist even in a crystal free of imperfections (see Fig. 1 ). First, we consider the lattice barrier that resists the uniform motion of a twin boundary as a flat plane. This 2D potential represents the change of the twin boundary energy (per unit area) as a function of its position (see, for example, Refs. [26, [33] [34] [35] [36] [37] [38] [39] , and follows the periodicity of the lattice in the direction normal to the twin boundary (see Fig. 1a, b) . In a similar way, we can consider the 1D lattice potential for twinning dislocations, which are line defects on an existing twin boundary and possess the characteristics of ordinary dislocations [40, 41] . Twinning dislocation can also be envisioned as the edges of two dimensional steps that form on the boundary plane [33] (see Fig. 1a that illustrates such a step) . The 1D lattice potential, also known as the Peierls potential [42] , represents the periodic change of the twinning dislocation energy as a function of its position on the twinning plane (see Fig. 1c ). Depending on the driving force and rate limiting step, both the 1D and 2D lattice potentials can give rise to several possible mechanisms of motion, which result in different kinetic relations (see more details in ''Twin Boundary Motion Under the Lattice Potential-the Kinetic Relations'' section).
At length scales larger than the atomistic scale, several possible barriers for twin boundary motion may play a dominant role. These include interactions with other crystal defects (e.g., dislocations [43] , clusters of point defects, and surface defects [44] ), strain compatibility along grain boundaries (in a polycrystalline material), as well as barriers imposed by the complex internal twinning microstructure often found in various types of SMA materials. The latter is characteristic to FSMA NiMnGa, where a hierarchical microstructure of internal micro-twins and 180°magnetic domains has been observed [45, 46] .
Twin Boundary Motion Under the Lattice Potential-the Kinetic Relations Analytical Analysis
In cases where twin boundary motion is governed by the lattice potential, either the 1D or 2D barriers shown in Fig. 1 , several kinetic relations can be formulated based on averaging over the numerous events that occur at the atomistic scale. Table 1 summarizes these different relations and their occurrences at different ranges of the driving force. Above some transition value g 0 , which can be correlated to the amplitude of the periodic 2D lattice potential, the twin boundary moves uniformly as a flat plane. In this case, motion is modeled based on the Landau-Khalatnikov linear rate law [35, 39] , leading to an average twin boundary velocity that is described by a square root kinetic relation of the type
, where l is a mobility coefficient (relation (I) in Table 1 ). Below this transition value, the 2D lattice potential forces the twin boundary to lie within the potential's wells. In this case, twin boundary motion must involve a thermally activated process, in which two dimensional steps are nucleated on the twin plane and then grow by a motion of the step edges, i.e., motion of twinning dislocations. This mechanism was observed in several computational works of different crystals, see for example Refs. [23, 24, 26] .
The overall sidewise velocity of the twin boundary in this mechanism may be limited either by the nucleation rate, or by the velocity of twinning dislocations. In the former case, i.e., where nucleation is the rate limiting process while motion is a fast athermal process, a standard nucleation and growth type analysis leads to an exponential kinetic relation (see relation (II) in Table 1 ). If, on the other hand, the rate limiting step for the overall motion of the twin boundary is the lateral propagation of individual twinning dislocations under the 1D Peierls potential, we employ a simple pile up model and show that the twin boundary velocity v TB is directly proportional to the velocity of a twinning dislocation v TD , according to the relation v TB µ gv TD (see Ref. [47] ). v TD is evaluated by distinguishing between two modes of motion, that are associated with overcoming the 1D Peierls potential. Above a transition driving force g p , which is proportional to the amplitude of the 1D Peierls potential, individual twinning dislocations move uniformly in a fast athermal motion [48] and follow a kinetic relation identical to relation (I). Consequently, the overall TB velocity in this case is given
, where l 0 is a mobility coefficient (relation (III) in Table 1 ). For driving force values smaller than g p , twinning dislocation motion is typically limited by the nucleation rate of kink pairs, as in classical dislocation dynamics models [49, 50] . In this case, the velocity of individual TDs is an exponential function of the driving force. Consequently, the resulting kinetic relation for TB motion also follows an exponential dependence of the form given by relation (IV) in Table 1 (see, e.g., Refs. [51, 52] ). The two scenarios shown in Table 1 , which lead to four kinetic behaviors, imply that different mechanisms of motion may give rise to several possible kinetic relations, which may be valid at different ranges of the driving force.
Experimental Investigation
Validation of the different kinetic relations presented in Table 1 is performed using a unique experimental setup which allows evaluating the velocity of individual twin boundaries in a ferromagnetic crystal as a function of the Table 1 Different kinetic relations that describe twin boundary motion under the resistance of the 2D and 1D lattice potentials
Depending on the rate limiting process, different mechanisms of motion leads to different kinetic relations that take place at different ranges of the driving force g. The driving force values g 0 and g p correspond to the amplitudes of the 2D and 1D potentials and represent the transition values at which twin boundary kinetics switch from thermally activated to athermal motion. In relations (I) and III: l and l 0 are mobility coefficients. In relations (II) and (IV) v 0 is a preexponential term. A and B are driving force independent terms that contain the temperature and material properties such as the energy of twinning dislocations.ĝ represents the driving force required for twinning dislocation motion at 0°K and p, q are constants whose values are typically between 0 and 2 (see, e.g., Ref. [51] ) external driving force. The experimental system applies rectangular-shaped magnetic pulses, with amplitude of up to 2 T, duration in the range 10-120 ls and rise and fall times that are less than 10 % of the overall pulse duration. Under these conditions, the external driving force is kept nearly constant throughout the majority of the pulse duration. Consequently, the average twin boundary velocity is evaluated based on the ratio between the boundary displacement during a single pulse and the pulse duration. The twin boundary displacements are measured by an optical microscope and are therefore at the lm scale, i.e., larger by several orders of magnitude than the periodicity of the lattice potential. Thus, effects caused by the periodic lattice potential are always averaged. On the other hand, the twin boundary displacements are comparable to the distance between the long-range barriers and therefore we can consider two situations: if the twin boundary does not meet a long-range barrier during the pulse then the measured average velocity represents the kinetic relation of a ''defect-free'' crystal, i.e., kinetics that is dictated by the lattice potential. Otherwise, the measured average velocity will be smaller and will represent an effect of the long-range barriers. Thus, for a large enough number of data points, we expect that the maximal velocities under each value of the driving force will represent the kinetic relation in a defect-free crystal, while smaller velocity values will exhibit scattering governed by the long-range barriers.
Typical pulsed magnetic field data for an individual type I twin boundary in an FSMA NiMnGa single crystal are shown in Fig. 2a . The scattering in the measured velocity values indicates on interactions with long-range barriers, which lead to temporal slowing down of the moving twin boundary. At the same time, we note that the maximal velocity values (that represent the kinetics under the lattice potential) follow two different trends that display a clear transition between thermally activated mechanism of motion and athermal mechanism of motion. The specific value of the driving force, which we assign as g trans can be correlated with overcoming the 2D lattice potential implying that g trans = g 0 . In this case, the two different kinetic behaviors can be described by relations (I) and (II) in Table 1 . Alternatively, depending on the actual rate limiting step for twin boundary motion, g trans can be associated with g p , i.e., the 1D Peierls potential. In this case, kinetic relations (III) and (IV) in Table 1 describe the two different trends of the boundary velocity shown in Fig. 2a . For the data shown in Fig. 2a (as well as for data obtained for type II twin boundaries in the same crystal), the scenario that describes a transition between kinetic relations (I) and (II) provides a slightly better fit. We note, however, that the ''real'' scenario, which is dictated by the actual rate limiting step at the atomistic level, cannot be conclusively resolved based on our data. A possible way to clarify this issue is by expanding the measurements of twin boundary velocity to higher values of the driving force than those shown in Fig. 2a . However, pulsed magnetic field method cannot be expanded due to the saturation of the magnetic driving force for twin boundary motion in NiMnGa at field values larger than *0.75 T (see also Ref. [47] ). Alternatively, higher driving force values can be obtained through an external mechanical load. Nonetheless, the application of a well-controlled mechanical pulse at the ls time scale is a challenging experimental task.
Fitting the formulated kinetic relations to the experimental data enables the extraction of several material properties which govern twin boundary motion. For example, considering the scenario described by relations (I) and (II) in Table 1 (which are represented by the trend lines shown in Fig. 2a) , we are able to extract the amplitude of the 2D lattice potential, the line energy of a twinning dislocation, and the mobility for twin boundary viscous motion as a flat plane [33, 39] . We emphasize that these nano scale material properties typically cannot be evaluated using other existing experimental methods.
Beyond the fundamental understanding of twinning kinetics obtained from the results shown in Fig. 2a , several practical insights arise as well. The most important one is the realization of the required driving force values that are necessary for fast actuation of NiMnGa-based devices. An in-depth discussion of this aspect is presented in Ref. [53] , in which we show that fast frequency response, which necessitates fast twin boundary motion, requires the external driving force to exceed the threshold value of g trans (which represent either g 0 or g p ). The latter conclusion indicates that in most of the applications the important material property is g trans rather than other more common properties that are measured under quasistatic conditions, e.g., the twinning stress.
Long-range Energy Barriers: The Origin and Characteristics of the Twinning Stress
Pulsed magnetic field experiments clearly reveal substantial scattering of twin boundary velocity data, over the entire measured range (see Fig. 2a ). This observation indicates that in the majority of cases, twinning kinetics is dominated not only by the atomistic-scale lattice potential, but also by other longer range energy barriers. In order to elucidate the characteristics of these long-range barriers, we combine insights gained from pulsed magnetic field experiments, which focuses on twinning kinetics at relatively high twin boundary velocities, together with information obtained from low-rate mechanical experiments that characterize twin boundary motion at lower velocities.
The most common and simple method to study low velocity twin boundary motion is through displacement-controlled uniaxial loading. In this method, the prescribed displacement rate dictates the twin boundary velocity, and the driving force required for obtaining this velocity is measured. Traditionally, such a configuration enables the measurement of a fundamental property of SMA, which is termed the twinning stress. This value, which is taken as the average value of the stress plateau in the loading curve of the martensite phase, represents the threshold stress required to initiate twin boundary motion at low velocities. We note that the twinning stress property cannot be determined from our pulsed magnetic field experiments, since this technique is limited to velocities above 2 Â 10 À3 m/s,due to the limited spatial resolution in the detection of twin boundary displacement and the short pulse durations. Figure 2b is a typical uniaxial loading curve of a type I twin boundary in a NiMnGa single crystal, which was measured at a loading rate that corresponds to an average boundary velocity of v TB ¼ 2:8 Â 10 À6 m/s. The load profile shows a typical plateau-type response, which, upon magnification reveals a sawtooth pattern (see inset in Fig. 2b) . The nominal value of the plateau stress represents the twinning stress r ts (marked by the dashed black line in Fig. 2b) , which, for this boundary type equals about 0:85MPa. This value corresponds to a driving force of g ts % 50 kJ m 3 that is smaller than the transition driving force associated with the lattice potential (i.e., g trans % 110 kJ m 3 , see the pulsed field data in Fig. 2a ). In addition, quasistatic experiments conducted at different loading rates, which correspond to different average twin boundary velocities in the range of 10 À7 À 10 À2 m/s (all slower than the minimal values measured in the pulsed field method), reveal no significant change in the value of the twinning stress. Plotting these values on a velocity versus driving force chart (black markers in Fig. 2c) , together with the values obtained in pulsed field experiments at g \ g trans (blue markers in Fig. 2c) indicates that the twinning stress property represents a threshold driving force value below which twin boundaries are immobile. This observation implies that while the barrier associated with the lattice potential can be overcome by thermally activated processes (this mechanism of motion takes place at \g trans , as discussed in the previous section), the twinning stress barrier cannot. Consequently, the length scale of the barrier responsible for the twinning stress is expected to be much larger than that of the lattice potential, and as such may be responsible for the scattering observed in our pulsed magnetic field experimental data.
Quantitative information regarding the actual length scale of the twinning stress barrier, as well as its physical origin, is obtained by a closer inspection of the uniaxial low-rate loading curve. Following an initial linear elastic regime, the curve displays a sawtooth pattern at a nearly constant stress value (see inset in Fig. 2c, as well as Fig. 3a ). This behavior is typically attributed to ''jerky'' motion, which means that the twin boundary moves in a non-uninform manner from one barrier to the next. Such 'stick-slip' motion was actually observed experimentally, by in situ monitoring of the twin boundary displacement [53] . Jerky motion, such as that displayed by a twin boundary in NiMnGa under low-rate uniaxial loading, is characteristic to crackling noise phenomena, which arises when a system responds to changing external conditions through discrete, impulsive events spanning a broad range of sizes [54] .
Typically, crackling noise dynamics is studied by analyzing the probability distribution of jerky events. In the case of twin boundary motion, jerky events can be correlated to local displacements of the propagating interface. The statistical distribution of the magnitudes and velocities of these local displacements may shed light on the underlying long-range energy barrier responsible for the twinning stress property, as well as on the mechanism of motion.
Evaluation of local twin boundary displacements and velocities are obtained by formulating the kinematics of uniaxial loading of a twinned crystal. In particular, the total strain e, which is dictated by the constant displacement rate c, is expressed as the sum of two contributions
Here, t represents the elapsed time and L 0 is the sample's initial length along the loading direction. The first term on the right hand side of Eq. (2) is the uniform elastic strain, where r and E are the instantaneous stress and elastic module of the loaded sample, respectively. The term x TB Á e T represents the strain due to the motion of a single twin boundary, where x TB is the boundary displacement, and e T is the transformation strain associated with such motion (i.e., the twinning strain). Equation (2) leads to explicit relations for the boundary's displacement and velocity:
We note that the jerky load profile (a representative part of which is shown in Fig. 3a) is composed of alternating linear rising segments and rapid load drop segments. During the linear rising segments the sample responds as a linear elastic material (i.e., deforms uniformly) and the boundary velocity is practically zero. Complementary, when the time derivative of the load is negative, i.e., during the load drop segments where _ r\0, the velocity v TB exceeds the average value imposed by the external displacement rate, c/e t .
In order to evaluate the values of boundary displacements x TB during individual load drops, we identify the local maxima r max,i and minima r min,i points, at which the stress is maximal or minimal (see blue and green markers, respectively, in Fig. 3a) . The difference Dx TB i = x TB (r max,i ) -x TB (r min,i ) between adjacent extrema points defines the irreversible twin boundary displacement during each individual load drop event i. The statistical distribution of all boundary displacement values Dx TB i (shown in Fig. 3b) clearly indicates that the majority of events are centered around a characteristic value of about 15 lm, which is obtained by fitting a log-normal density function to the measured data (represented by the green line in Fig. 3b ). This value of distance between barriers (i.e., *15 lm) is in very good agreement with the typical thickness of internal micro-twins that were recently observed in NiMnGa [46, [55] [56] [57] , and thus reveals the physical origin of the twinning stress property in this material system. We note that at the low range of Dx TB i ; the experimental data deviate from a single log-normal distribution. This observation can be explained by fitting our data to a combination of two log-normal density functions; the main function is narrow and centered around 15 lm (green curve) and the other is broader and centered around 5 lm (gray curve). The two density functions may represent different types of barriers or the same type of barrier (e.g., interaction with the internal micro-twin structure) but different characteristic distances between barriers.
The observed load drops events (Fig. 3a) are associated with twin boundary having an area of few mm 2 , which moves a distance of several microns. Consequently, the transformed volume during an individual load drop is larger by about 14 orders of magnitude than the typical volume associated with atomistic-scale barriers and mechanisms of motion, i.e., the nucleation and motion of twinning dislocations [33, 47] . Naturally, the effect of atomistic-scale events, which typically occur at the picosecond time scale [23, 24] is averaged and cannot be resolved in our experiments. Yet, we are able to resolve several smaller, 'meso-scale' events, within individual 'macro-scale' load drops. A closer inspection of our data reveals that the temporary velocity of the twin boundary v TB varies within an individual 'macro-scale' event, as well as between separate events. Thus, load drops are not accompanied by a single determined ''path'' in terms of v TB , but rather exhibit noticeable variations, which can be attributed to the existence of many 'meso-scale' events [58] . In addition, we notice that the average velocities during all 'macro-scale' load drop events, i.e.,
are smaller by at least an order of magnitude than the velocity measured under the same driving force but higher loading rate [53] . This is shown by the shaded red rectangle in Fig. 2c that marks the range of v TB i values, calculated from the experimental data shown in Fig. 2b . This observation means that each measured value of v TB i (which characterizes a 'macro-scale' event) originates from the contribution of several 'meso-scale' events separated by waiting times which are much longer than the propagation times.
The temporary velocities, which are determined by the 'meso-scale' events, are calculated by applying the expression for v TB in Eq. (3) to the instantaneous time derivatives of stress profile during individual 'macro-scale' load drops. The calculated temporary velocities exhibit a power law probability density function of the form p(v TB ) µ v TB -a , with a = 2.02, over the majority of the measured range, which spans two orders of magnitude (see Fig. 3c ). A power law distribution has also been observed in analyses of crackling noise during the phase transformation in NiMnGa [59] [60] [61] [62] .
A power law density function exhibits the same behavior if plotted on different scales and is hence scaleinvariant. Interestingly, such behavior is not unique to NiMnGa. In fact, numerous physical systems, e.g., phase transitions, magnetic domain switching, and the motion of tectonic plates, respond to changing external conditions through discrete impulsive events which exhibit a power law distribution [54, 63, 64] . As a result, the power law distribution has been interpreted as a universal law which is valid for many different physical processes regardless of the specific characteristics of each physical system.
While the preceding statistical analysis provides important insights regarding twinning phenomena in NiMnGa, it also demonstrates a new and unique approach for studying crackling noise phenomena. Typically, crackling noise dynamics are described by scale-invariant statistical laws (e.g., the power law distribution) that do not provide information about the mechanisms by which crackling noise occur. Here, we show that while one variable (v TB ) shows a scale-invariant type behavior, we are able to identify a different variable (Dx TB i ) that exhibit a clear distribution centered around a characteristic value. The characteristic value of Dx TB i reveals the details of the underlying energy barrier responsible for the twinning stress property in NiMnGa. The power law distribution of v TB reveals the nature of meso-scale events by which the twin boundary moves. This behavior may originate from local curvatures of the twin boundary (at the sub-lm scale) that induce 'stochastic' variations in its overall propagation velocity.
Summary
In this paper, we present a unique investigation of twin boundary dynamics at the level of individual interfaces in a representative ferromagnetic SMA NiMnGa. Analytical kinetic relations are formulated based on the different lattice potentials that resist boundary motion, and the possible mechanisms of motion for overcoming these barriers. The formulated relations are validated experimentally by direct measurements of twin boundary velocity under ls-scale pulsed field loading. Our results reveal a clear transition from thermally activated motion at low velocities to athermal motion at higher velocities, and the transition occurs at a driving force that represents the amplitude of the lattice potential. In addition, twin boundary motion at low rates, which exhibits a jerky behavior, is investigated by a combined analytical and statistical analysis. By quantifying the magnitudes and velocities of twin boundary displacements during individual stress drops, we show that boundary motion proceeds through events at various scales. At the atomic-scale, twin boundary propagates through nucleation and motion of twinning dislocations. At the meso-scale, boundary velocity displays a scale-invariant distribution, presumably due to local curvatures of the twin boundary. Finally, at the lm scale, twin boundary exhibits stick-slip motion between barriers. The characteristic length scale of the distance between consecutive barriers matches the characteristic thickness of the internal microstructure in NiMnGa. This correlation points on the physical origin of the twinning stress property, below which twin boundaries are immobile.
Finally, we believe that the innovative experimental and analytical methodologies used in this study, as well as the physical insights gained for the particular NiMnGa system, provide an important baseline for future investigations of twinning phenomena in other SMA.
